1. It has been suggested that a dominant mutation in the mouse is a suitable model for the most frequent form of human vitamin D-resistant rickets, X-linked hypophosphataemia. The mutant mice have reduced tubular reabsorption of phosphate, hypophosphataemia, rachitic bone lesions, moderate dwarfism and mild hypocalcaemia.
Introduction
The mutant hypophosphataemic (HYP) mouse is considered to be a model of the human disease, X-linked hypophosphataemia ill. HYP mice display a decrease in the tubular reabsorption of phosphate, which can be accompanied by rachitic bone lesions il-41. They also tend to have a slightly decreased plasma calcium level [l, 5-91. The reason for mild hypocalcaemia in HYP mice is puzzling. Indeed, in rats or dogs, when hypophosphataemia is induced by dietary phosphate restriction, an increase in the plasma level of calcium is observed despite a decrease in the tubular capacity to reabsorb this cation 110, 111. Obviously, in this latter condition, the rise in serum calcium can only be explained by an increase in the net inflow of calcium into the extracellular compartment, which is reflected at steady state by an elevation in calciuria ill]. It is probably due to an enhanced mobilization of calcium from both intestinal and skeletal sources.
In the present work we have considered whether the mild hypocalcaemia observed in male 0143-5221/82/050503Wso1.50/1 (8 1982 The Biochemical Society and the Medical Research Society HYP mice, when compared with normal pair-fed littermates, could be due to a decrease in the overall tubular capacity to reabsorb calcium, which would not be counteracted by a rise in the net inflow of calcium into the extracellular compartment. In addition we have also studied whether the propensity to hypocalcaemia could be accentuated by the removal of the parathyroid glands, a finding which would be consistent with the existence of a compensatory hyperparathyroidism [ 121 in murine X-linked hypophosphataemia.
Materials and methods

Breeding and selection of the animals
The HYP gene was maintained by mating normal male (+/Y) C57BL/6J mice to heterozygous hypophosphataemic females (HYP/X). HYP mice were identified at 2 months of age. The length of the tail was found to be the best criterion for identifying the hypophosphataemic trait. Animals were considered as bearing the HYP gene when the tail length was < 6.0 cm and as normal with values above 7 cm. In addition the diagnosis was confirmed radiologically after the experiment. Only male mice were used for the present studies.
Experimental diets
Until the experimental phase the mice were reared in standard animal cages, had access to tap water and were fed ad libitum on a commercial mixture (Altromin 13 14; Klingentalmuhle AG, Kaiseraugst, Switzerland) containing (per 100 g dry weight) 0.9 g of calcium, 0.7 g of phosphorus and 60 i.u. of vitamin D,.
At about 3 months of age +/Y and HYP/Y mice were fed on diets (Altromin C1034) containing either low phosphorus (0-25 g/100 g dry weight) or high phosphorus (0.77 g/100 g dry weight) (calcium 0.60 g/100 g dry weight) and a similar amount of sodium. The animals were pair-fed with the above-described diet for 10 days. During this period they had free access to distilled water. Since the basic diet (Altromin C1034) was poor in vitamin D a normal supply was achieved by adding 5.0 i.u. of vitamin D, in 0.05 ml of vegetable oil to the food portion twice weekly.
Determination of the renal handling of calcium
Anaesthesia in fed mice was induced by intraperitoneal injection of pentobarbital (Nembutal, Abbott) at a dose of about 75 mg/kg body weight, and maintained during the experiment by additional intravenous injections. Animals were placed on an operating table heated to 37OC. A tracheostomy was made and catheters were inserted into one jugular vein, the left femoral artery and the bladder. The mice received a priming injection (1.6 m1/100 g body weight) of a solution containing NaCl(342 mmol/l) and inulin (21 g/l) and were then infused with a solution (1.6 ml/h) containing NaCl (342 mmol/l) and inulin (Merck) (10-5 g/l). After a first equilibration period of 30 min, urine was collected for 30 min and blood (50 pl) was sampled at the mid-collection time. Then solutions containing increasing amounts of calcium gluconate were infused intravenously. The amount of calcium delivered was 0.12, 0.24 and 0.48 pmol/min. The duration of each clearance period made under calcium infusion was of 30 min with blood sampling at mid-time of the urine collection. The time of equilibration before these clearance periods was 20 min. The pH of all infused solutions was between 7.30 and 7.40.
In a separate experiment ultrafiltrable plasma calcium was measured in +/Y and HYP/Y mice fed on low or high phosphorus diet exactly as for the clearance study. On the experimental day, after a tracheostomy, the jugular vein was cannulated and the mice were primed and infused with the same calcium-containing solutions as the animals which underwent the clearance study. After 160 min of infusion the animals were bled by puncturing the vena cava. The heparinized plasma obtained anaerobically from each mouse was divided into two portions. One was introduced into a cellulose dialysis bag (Union Carbide, Chicago, U.S.A.) and subjected to ultrafiltration by centrifugation at 3000 rev/min for 4 h at 37OC in a closed system gassed with 5% CO, in air 1131. The other portion was kept at 37OC during the same period of time. Calcium in the ultrafiltrate and whole plasma was determined as mentioned above.
Influence of thyroparathyroidectomy on plasma calcium concentration
HYP/Y and +/Y mice were either surgically thyroparathyroidectomized or sham-operated. After a postoperative recovery of 2-6 days, the animals were fed on a low calcium (0.1 g/100 g dry weight), high phosphorus (1.2 g/100 g dry weight) diet for 4 days. Then, after the mice had been kept overnight without food, a blood sample was taken by orbital puncture with a microhaematocrit capillary for determination of plasma calcium concentration.
Determination of urinary cyclic AMP excretion
Normal and hypophosphataemic mice fed on the low phosphorus diet were put in metabolic cages. The urine was collected for a period of 8 h in ice-chilled tubes for later determination of cyclic AMP and creatinine.
I
Analytical procedures
Plasma samples for inulin determination were deproteinized on the day of the experiment and kept frozen with the urine specimens until chemical analysis. Inulin was measured with diphenylamine [141. Calcium in undiluted plasma and urine samples was measured by complexometric titration with EGTA on the day of experiment. Urinary cyclic AMP was measured by radioimmunoassay with a commercial kit (New England Nuclear, Boston, U.S.A.). Creatinine was measured by the Jaffe reaction, also with a commercial kit (Hoffmann-La Roche, Basle, Switzerland).
Statistical analysis
The experimental results are expressed as mean values f SEM. The significance of differences between groups were evaluated by Student's t-test. The statistical significance of a shift in the relationship between the plasma concentration and the urinary excretion of calcium was assessed by covariance analysis.
Results
Renal handling of calcium
Data for the renal handling of calcium are presented in Table 1 and Fig. 1 . Table 1 shows that before and during calcium infusion HYP/Y mice displayed a significantly lower plasma calcium concentration than +/Y littermates. In animals fed on a high phosphorus diet the difference in plasma calcium between +/Y and HYP/Y mice varied between 0.10 and 0.14 mmol/l, according to the clearance period. On the low phosphorus diet the relative hypocalcaemia of HYP mice was more pronounced, since the difference in plasma calcium varied between 0.23 and 0.3 1 mmol/l.
In a separate but similar experiment the percentage of total plasma calcium found to be ultrafiltrable during calcium infusion was 70.5 f Table 1) . The relationships between the urinary excretion of calcium per ml of glomerular liltrate and plasma calcium in HYP/Y and +/Y mice fed on a high phosphorus diet or on a low phosphorus diet are depicted in Fig. 1 (a) and (b) . In animals fed on a high phosphorus diet (Fig.  la) there is only a small difference in the renal handling of calcium between HYP/Y and normal mice, the former excreting a little more calcium for a given plasma calcium than the latter. On the low phosphorus diet, however, HYP/Y mice exhibit a much higher urinary calcium excretion at any plasma calcium level than the normal animals ( Fig. 1 b) .
Influence of thyroparathyroidectomy on plasma calcium concentration
The difference in plasma calcium between HYP/Y and normal mice was much more pronounced after thyroparathyroidectomy (Fig.  2) . Thus in thyroparathyroidectomized animals the difference between the mutant and the normal mice was 0.56 mmol/l, as compared with 0.21 mmol/l in sham-operated mice (Fig. 2) . Thyroxine replacement was not given after the extirpation of the thyroid and parathyroid glands.
Nevertheless, it appears unlikely that the deficiency in thyroid hormones could be responsible for the greater hypocalcaemic response observed in HYP/Y than in normal mice.
Urinary cyclic AMP excretion
In intact HYP/Y mice the lower plasma calcium level was associated with a higher This decrease in the tubular reabsorption of calcium in HYP/Y mice appears to be related to the amount of phosphate supplied in the diet. The fact that the difference in the renal handling of calcium between HYP/Y and normal mice is particularly evident on the low phosphorus diet suggests that it is related to the degree of phosphate depletion. Such a depletion can be accompanied by metabolic acidosis 118, 191, a condition which in turn may reduce the tubular reabsorption of calcium [lo, 2Cb221. That some disturbance in acid-base homoeostasis might contribute to the decreased tubular reabsorption of calcium observed in HYP/Y mice cannot be ruled out from the present study.
The propensity to hypocalcaemia which has been repeatedly found in HYP mice [l, 5-91, as well as in the present study, could well be the consequence of the decrement in the tubular reabsorption of calcium when phosphate depletion does not enhance the mobilization of calcium from the intestinal tract and the bone. The fact that the absolute rate of calcium excretion was not larger in HYP/Y than in +/Y mice supports this proposal. The absence of enhanced extrarenal calcium mobilization might be related to the decrease in the plasma level of 1,254ihydroxyvitamin D, 1,25 (OH) 2D , I, which occurs in HYP mice in response to a low phosphorus diet, in sharp contrast with the elevation observed in normal counterparts 161 or in other species [23,241. However, an increase in 1,25(OH),D, does not appear to be a prerequisite for elevating plasma and urine calcium during phosphate depletion, since such an elevation can also be observed in vitamin D-deficient rats [251. Consequently, a 1,25(OH) 2D ,-independent defect for mobilizing calcium from intestine and/or bone during phosphate depletion could be present in HYP/Y mice. With such a defect a compensatory hyperparathyroidism can be expected to occur in HYP/Y mice because of the decreased tubular reabsorption and plasma concentration of calcium. HYP mice have been shown to exhibit an increased urinary cyclic AMP excretion [4, 26; present study1 which probably derives from the kidney since the plasma level of the nucleotide was found to be normal [271. A decreased response of the adenylate cyclase activity to parathyroid hormone in proximal tubules dissected from kidneys of HYP/Y mice has also been documented 1281. Finally, the present work indicates that the mutant mice have a much larger fall in plasma calcium than their normal littermates after removal of the thyroid and parathyroid glands. These three findings taken together suggest the presence of hyperparathyroidism in X-linked hypophosphataemic mice. In two previous reports [l, 31 radioimmunoassayable plasma parathyroid hormone has not been found to be elevated in HYP mice. However, these measurements were made in mice fed on diets having a high phosphate and calcium content. Therefore it remains to be determined whether the plasma level of parathyroid hormone is elevated in HYP mice when the animals have a low phosphate and a normal or low calcium intake.
